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A conventional method to implement a single-photon subtractor is to use a high-transmittance beam splitter [4] , where single-photon registration at the reflected beam heralds the annihilation operator acting on the transmitted beam. However, this method cannot be applied to a multimode quantum state because a single photon is subtracted from multiple modes incoherently, which in turn applies an incoherent mixture of annihilation operators (each originated from the multiple modes) to the transmitted beam.
In this work, we implement a mode-tunable coherent single-photon subtractor which can be tuned to subtract a single photon exclusively from one mode or coherently from multiple modes, where the modes are time-frequency modes of light described in Fig. 1(a) . To characterize the single-photon subtractor, we introduce a matrix representation (called a subtraction matrix) of a general single-photon subtractor and measure the matrix by employing coherent-state quantum process tomography [5] ; the obtained matrix shows the mode tunability and the coherence of the device. We found that characterizing a single-photon subtractor can be significantly simplified compared with the original coherent-state quantum process tomography because the success probability of a single-photon subtractor alone provides complete information of the device, i.e., measurement of the output state is not required.
A general single-photon subtractor S acting on an input stateρ can be described in terms of basis annihilation operators {â 0 ,â 1 , . . . ,â d−1 } (the subscripts denote orthonormalized modes):
A subtraction matrix χ contains complete information of a single-photon subtractor, which is analogous to the density matrix representation for a quantum state: tr(χ 2 ) quantifies purity, (tr √ χ µ √ χ) 2 measures the fidelity between Experimentally, we implement a mode-tunable coherent single-photon subtractor based on nonlinear interaction between an input beam and a strong gate beam, as described in Fig. 1(b) . The input beamρ interacts with the gate beam (1 mW power) inside a nonlinear crystal (2.5 mm-thick BiBO), and an up-converted beam is generated via sum frequency generation. Detection of a single photon at the up-converted beam heralds single-photon subtraction at the input beam, and the modes for the single-photon subtraction are determined by the time-frequency modes of the gate beam. To characterize each single-photon subtractor by different gate beams, we use the aforementioned coherent states as an input beam (having average photon number of one), and record the corresponding count rate at the single-photon detector (SPD, Hamamatsu C13001-01). Figure 2 shows the experimentally obtained subtraction matrices for various gate beams. For the basis annihilation operators, we choose Hermit-Gaussian (HG) time-frequency modes {â }, described in Fig. 1(a) . When we use HG 0 gate beam, the subtraction matrix in Fig. 2(a) shows the dominant element at HG 0 mode, which shows the mode-selective operation of the device. One can tune the mode of single-photon subtraction by using gate beam at different mode: when HG 1 is used for the gate beam, the obtained subtraction matrix is distributed dominantly at HG 1 mode, shown in Fig. 2(b) . When the gate beam is superposed at HG 0 and HG 1 modes, coherent single-photon subtraction takes place, as shown in Fig. 2(c) for the same phase and Fig. 2(d) for π/2-phase difference between the two HG modes. The off-diagonal elements between HG 0 and HG 1 show the coherence betweenâ
